Background: Amyloid-␤ (A␤) oligomers are key in Alzheimer disease (AD) but are diverse and poorly characterized. Results: Multiple A␤ forms were measured across the life span of AD model mice and human AD brain. Conclusion: A␤ species interacting with prion protein were tightly linked to behavioral impairment. Significance: An A␤ oligomer subset with defined biochemical properties is present in multiple AD-relevant samples.
Alzheimer disease (AD), 3 the most common cause of dementia in the elderly (1) , is characterized by progressive synaptic dysfunction and neuronal loss resulting in memory impairment, disorientation, and ultimately death (2) (3) (4) . Despite its prevalence and severity, the proximal causes of AD are still elusive (5) . Substantial human genetic data along with in vivo and in vitro experimental studies highlight a key role of amyloid-␤ peptide (A␤) in triggering AD pathogenesis (6 -8) . A␤ is released through proteolytic cleavage of transmembrane amyloid precursor protein (APP) by ␤-and ␥-secretases and accumulates in the extracellular space (9) . Elevated levels of A␤ 42 favor its aggregation, resulting in a diverse set of assemblies ranging from dimers to soluble multimeric oligomers to large polymeric fibrils forming the core of senile plaques, a histopathological feature of AD. The levels of A␤ monomers and fibrils are elevated in AD brain, but it is the soluble A␤ oligomers (A␤o) that are the most synaptotoxic A␤ species, with the highest correlation to memory dysfunction in transgenic mice and in humans (10 -15) .
Although A␤ and its oligomeric forms are strongly implicated in triggering AD, the A␤o term encompasses a very broad array of molecular species. Different studies have described the correlation of an A␤*56 species from SDS-PAGE across the behavioral progression of one transgenic mouse strain (16) , from the presence of A␤ dimers in selected fractions from human AD brain extracts, from transfected cell-conditioned medium (17, 18) , and the existence of high molecular weight A␤o species in transgenic mouse brain microdialysates (19) . Lack of comprehensive assessment of a particular molecular species defined by functional tools across multiple models and human disease leads to poor experimental reproducibility and creates confusion and controversy in the field (20) .
For example, experiments with a range of models have shown that A␤o toxicity is critically dependent on cellular prion protein (PrP C ), a cell surface glycoprotein acting as a high affinity receptor with high selectivity for A␤o (21) (22) (23) (24) (25) (26) (27) (28) . Interaction between A␤o and PrP C is essential for development of an array of AD features, including activation of certain signaling cascades, synaptotoxicity, inhibition of long term potentiation, memory impairment, and decreased survival in mice (25, (27) (28) (29) (30) (31) (32) (33) (34) (35) (36) (37) (38) (39) (40) (41) (42) (43) . However, it was also observed that A␤o can induce AD-like phenotypes independently of PrP C in J20 mice (44) and in some in vitro studies (23, 24, 45) . Evidence suggests that certain A␤o species bind to and act via PrP C , although others do not (25, 36) . An ability to distinguish A␤o species based on biological or structural features would advance the field. To date, the primary tools have been conformationally specific antibodies and denaturing gel analysis. However, studies using PrP-A␤o interaction as a biologically relevant selective filter for A␤o detection have demonstrated dramatic increase in PrP Cinteracting A␤o in human AD patients, with virtual absence of such A␤o species in control subjects (27, 43) . Together with a high functional importance of PrP-A␤o interaction for AD pathogenesis, it makes it particularly interesting to further characterize the properties of PrP C -interacting A␤o and their impact on AD progression.
Here, we utilized several oligomer-directed quantitative assays, including a high specificity binding assay (PrP-ELISA or PLISA) (27) allowing quantitation of PrP C -interacting A␤o and two A␤o-specific ELISAs allowing quantitation of all A␤o forms. We employed these assays across brain tissue from multiple mouse strains, mouse ages, and human disease. We show that among different A␤ measures, PrP C -interacting A␤o is at least as accurate as any other predictor of memory impairment in AD mouse models and human AD patients. We find that the fraction of PrP C -interacting A␤o in the total A␤o pool varies greatly between AD models and may determine the extent to which PrP C -dependent molecular mechanisms contribute toward the expression of AD-like symptoms. These observations provide further support for the hypothesis that PrP C -A␤o interaction mediates pathophysiology in AD; however, they also indicate that other forms of A␤o with lower affinity toward PrP C may contribute toward AD progression (although less effectively), especially when PrP C -interacting A␤o are scarce.
Experimental Procedures
Human Brain Tissue-Post-mortem human brain tissue (pre-frontal cortex) from AD patients and neurologically healthy individuals was collected as approved by the Institutional Review Board at Yale and stored at Ϫ80°C immediately after autopsy. Samples of brain tissue from each patient were grossly and microscopically examined for neuropathological features of AD consistent with the clinical diagnosis of dementia, using previously described methods (46 -48) . The following areas were examined histologically in all cases: middle frontal gyrus, middle temporal gyrus, inferior parietal lobule, parahippocampal gyrus, cingulate gyrus and midbrain, including the substantia nigra and locus coeruleus. Immunohistology with anti-phospho-and anti-␤-amyloid, as well as modified Bielschowsky silver stain, were applied for detection of neurofibrillary tangles and neuritic plaques. Many of the brains were collected and classified prior to 2012 (49, 50) , so diagnosis was made using the National Institutes of Health, NIA, consensus method for the neuropathological diagnosis of AD at the time of autopsy (47, 51, 52) . Each pathology-confirmed AD brain in this sample was Braak stage V or higher and had a CERAD neuritic plaque score classified as Frequent. Brains of all neurologically healthy control patients had no signs or minimal signs of AD-associated histopathology, with Braak stage 0-II and CERAD neuritic plaque of None or Sparse. Patient demographical data is presented in Table 1 .
Mice-Wild-type and APP/PSen mice on the C57B6/J background were as described (29) . Tg2576 mice and 5ϫ FAD mice were obtained from Taconic Biosciences and The Jackson Laboratory, respectively. The 3ϫ Tg-AD mice (53) were a gift of Dr. F. LaFerla, via Dr. P. Lombroso at Yale University. Brain tissue from CRND8 mice was generously provided by Todd Golde. Both males and females were used in approximately equal numbers and none were excluded. All experiments were approved by the Institutional Animal Care and Use Committee of Yale University. For numbers of animals in each genotype and agegroup used in the study please refer to Table 2 .
Behavioral Testing of Transgenic Mice-The experimenter performing the behavioral testing was blind to genotype throughout the course of the entire experiment. Starting 5 days prior to the start of the experiment, the mice were handled for 5 min to acclimate them to the experimenter. The mice were tested over the course of 3 days in a Morris water maze (MWM) (37, 54) . The testing consisted of placing the mice in a tank of water that was about 1 m in diameter to find a submerged hidden platform. The platform's location remained constant throughout each 3-day experimental period. The order that the mice were tested in remained constant within each experiment. Each mouse was tested a total of eight times per day, which was divided into two blocks of four. One block was performed in the morning, and the second was performed in the afternoon. The mice were put into the tank at four distinct locations on the opposite side from the hidden platform. The order of the locations was randomized for each block. This was done to ensure that the mice had to rely on spatial cues to find the hidden platform rather than memorizing a specific route. Each mouse had 60 s per trial to find the platform. If a mouse could not find the platform within the allotted time, the mouse would be gently guided to the platform and allowed to rest on the platform for 15 s.
A probe trial was performed 24 h after the completion of the training in the MWM. The mice were placed in the same pool as before, but the platform was removed. The start location was directly diagonal from where the platform was originally located. Each mouse had 60 s to explore the pool. The MWM training and probe trials were all recorded on a JVC Everio G-series camcorder and tracked with Panlab's Smart software. To calculate the normalized spatial learning deficit (nSLD), the following calculation was performed: nSLD ϭ (B Tg Ϫ B WT )/ (A Tg /2 ϩ A WT /2), where A and B are the times it takes for a transgenic (Tg) or genetic background-matched wild-type (WT) mouse to find the hidden platform at the beginning and the end of the training, respectively. To calculate the nSMD, the following formula was used: nSMD ϭ (t WT Ϫ t Tg )/t WT , where Animal Treatment with LY-411575-␥-Secretase inhibitor LY-411575 was obtained from Sigma (SML0506). The compound was prepared in 10% (v/v) polysorbate in water at 1 mg/ml and administered to 12-month-old APP/PSEN1 mice (n ϭ 4) through oral gavage at 10 mg/kg. As a control, another group of animals (n ϭ 5) was administered a vehicle solution (10% polysorbate in water). Animals were treated at 12-h intervals for 7 days and sacrificed 3 h after the last dose.
Synthetic A␤ Preparation-Synthetic A␤(1-42) peptide was obtained as lyophilized powder from Keck Large Scale Peptide Synthesis Facility (Yale University). Each batch of peptide was reconstituted in 1,1,1,3,3,3-hexafluoroisopropanol at 10 mg/ml, boiled for 1 h. at 70°C, aliquoted in microcentrifuge tubes at 0.5 mg/tube, and allowed to dry overnight at room temperature. The remaining trace amounts of 1,1,1,3,3,3-hexafluoroisopropanol were removed by SpeedVac centrifugation for 1 h. To prepare oligomeric A␤, each aliquot was thoroughly resuspended in 40 l of dimethyl sulfoxide (DMSO), divided into 20-l aliquots, and diluted in 1 ml of Ham's F-12 medium giving a final A␤ concentration of 55 M. The tubes were incubated overnight at room temperature to allow oligomerization (21, 27, 37, 55) . For monomeric A␤ preparations, the overnight incubation step was omitted, and the peptide was assayed immediately after F-12 dilution.
Recombinant PrP Production-Purification of PrP(23-111) protein was described before (27, 56) . DNA encoding amino acids 23-111 of human PrP C was cloned into pRSET-A vector with an N-terminal extension encoding a hexa-histidine tag and a thrombin cleavage site. Plasmid-transformed BL21 (DE3) Escherichia coli (Agilent) cells were cultured overnight in noninducing MDAG135 medium and then diluted 1:100 in ZYM-5052 auto-inducing medium and grown for 16 h at 37°C. Bacteria were lysed in Buffer G (6 M guanidine HCl, 100 mM Na 2 HPO 4 , 10 mM Tris-HCl, pH 8) and then centrifuged at 100,000 ϫ g for 1 h. The supernatant was applied to nickel-nitrilotriacetic acid resin. To refold bound protein, a 20 -100% stepwise gradient of Buffer B (100 mM Na 2 HPO 4 , 10 mM Tris-HCl, 10 mM imidazole, pH 8) in Buffer G was applied. After washing the resin with 50 mM imidazole in Buffer B, bound protein was eluted with 100 mM Na 2 HPO 4 , 10 mM TrisHCl, 500 mM imidazole, pH 5.8, and dialyzed against 10 mM Na 2 HPO 4 , pH 5.8, and then against water. Protein concentration was determined by A 280 method (extinction coefficient for PrP 23-111 is 42,390). Final yields were 30 -40 mg of protein per liter of culture.
Human and Mouse Brain Tissue Fractionation-Frozen whole mouse brains or human post-mortem pre-frontal cortex samples (27, 37) were stored at Ϫ80°C until processed. Before extraction, each tissue fragment was weighed to maintain consistent w/v ratio of tissue to homogenization buffer. First, to extract soluble material, each piece of tissue was Dounce-homogenized on ice in 3 volumes of TBS, pH 7.4, with sequential sets of 20 strokes of loose and tight pestle. The homogenization buffer was supplemented with 1ϫ Complete protease inhibitors and 1ϫ PhosSTOP phosphatase inhibitors (Roche Applied Science) to prevent protein degradation. The TBS-insoluble material was pelleted by centrifugation at 100,000 ϫ g for 1 h. The supernatant was then collected, aliquoted in microcentrifuge tubes, flash-frozen in liquid nitrogen, and stored at Ϫ80°C until assayed. This supernatant was referred to as a TBS fraction. The pellets were resuspended in 4 volumes of TBSX (TBS, 1% Triton X-100, pH 7.4) supplemented with phosphatase and protease inhibitors and incubated on a nutator for 1 h at 4°C to solubilize membrane-associated proteins. The TBSX-insoluble material was removed by centrifugation at 100,000 ϫ g for 1 h. The supernatant was processed similarly to the TBS fraction and referred to as TBSX fraction. Finally, the TBSX pellets were resuspended in 3 volumes of 70% formic acid, incubated for 30 min at room temperature, and cleared by centrifugation at 100,000 ϫ g for 1 h. The pellets were discarded, and the supernatant was diluted 5-fold with water, divided in 100-l aliquots, frozen in liquid nitrogen, and lyophilized to remove formic acid. The lyophilized material was resuspended in 40 l of 8 M urea, 20 mM Tris, pH 7.4, stored at Ϫ80°C, and referred to as FA-extracted fraction.
Measuring the Levels of PrP C -interacting A␤ Oligomers and Total A␤ Oligomers-We modified a previously described (27) plate-based assay for measuring PrP C -interacting A␤o to achieve higher sensitivity, referred to as PLISA. Low volume high binding white microplates (Greiner 784074) were coated overnight with 20 l/well of 250 nM human PrP AA23-111 in 30 mM Na 2 CO 3 , 80 mM NaHCO 3 , pH 9.6, at 4°C. After washing two times with PBST (PBS, 0.05% Tween 20), the plates were blocked with 25 l/well protein-free T20 PBS blocking buffer (Pierce) for 4 h at room temperature. After washing three times with PBST, 20 l of TBS or TBSX fraction samples diluted 1:2-1:4 in PBSTB (PBS, 0.05% Tween 20, 0.5% bovine serum albumin) were applied to microplates in triplicate and incubated overnight at 4°C. 2-Fold serial dilutions of synthetic A␤o in PBSTB (0 -10 nM range) were included in each plate as a standard curve. Plates were then washed four times with PBST and incubated with D54D2 anti-A␤ antibody (epitope in the N terminus of A␤ peptide, Cell Signaling Technology, catalog no. 8243) diluted 1:2000 in PBSTB for 2 h. After washing four times in PBST to remove the unbound primary antibody, 20 l/well of 1:8000 dilution of Eu-N1 goat anti-rabbit IgG (PerkinElmer Life Sciences) in DELFIA assay buffer (PerkinElmer Life Sciences) was applied for 1 h. Finally, after washing five times in PBST, 20 l of DELFIA Enhancement Solution (PerkinElmer Life Sciences) was applied to each well, and time-resolved europium fluorescence was measured using a Victor 3V plate reader (PerkinElmer Life Sciences). To measure the levels of total A␤ oligomers, two ELISAs were developed. Overall processing of the plates and reagents used was the same as in PLISA, with a few modifications discussed below. In the first assay (82e1-8243), 82e1 mouse monoclonal antibody (IBL, 10323) recognizing the N terminus of the A␤ peptide was used for coating plates (1:500 dilution in 30 mM Na 2 CO 3 , 80 mM NaHCO 3 , pH 9.6, overnight at 4°C), and D54D2 antibody was used for detection (1:2000 in PBSTB). In the second assay (8243-Nu4) plates were coated with D54D2 antibody (1:500 dilution) and conformation-specific anti-A␤ oligomer antibody Nu4 was used for detection (1:2000 in PBSTB) .
Affinity Depletion of PrP C -interacting A␤ Species-1.5 ml of pooled TBS brain extracts from the brains of Alzheimer patients were incubated overnight at 4°C with 100 l of protein A-Sepharose CL-4B (GE Healthcare, 17-0780-01) preconjugated with 50 g of recombinant human PrP-Fc or, alternatively, with human Fc (Jackson ImmunoResearch 009-000-008), which served as a negative control resin. The generated affinity-depleted and control lysates as well as Alzheimer and control lysates prior to the resin incubation were analyzed by PLISA and 82e1-8243 assays directly or following size-exclusion chromatography fractionation.
A␤ ELISA and Western Blot-For Western blot (WB) measurements, TBS, TBSX, and FA fractions were diluted 1:1 with 2ϫ Laemmli Sample buffer, incubated for 5 min at 95°C, and separated on 10 -20% Criterion Precast Tris-Tricine gels (BioRad). The heating step was omitted for the urea-containing FA fraction. Additionally, monomeric preparation of synthetic A␤ at 32, 64, and 128 nM was loaded on each gel alongside the samples to allow quantitation and inter-membrane comparison. Following the gel electrophoresis, proteins were transferred to nitrocellulose membranes using the iBlot semi-dry method (Life Technologies, Inc.). After transfer, the membranes for TBS and TBSX fractions were microwaved in PBS until boiling to unmask the epitopes and increase the immunoblot sensitivity (57) . All membranes were blocked with Blocking Buffer for Fluorescent Western blotting (Rockland) for 30 min at room temperature and then incubated with 1:2000 dilution of D54D2 anti-A␤ antibody in PBST overnight at 4°C. After washing three times with PBST, IRDye 800CW-conjugated donkey anti-rabbit secondary antibody (LiCor; 1:5000 in PBST) was added for 2 h at room temperature. Finally, the membranes were washed three times with PBST and imaged using Odyssey near-infrared scanner (LiCor). The signal intensity of A␤-immunoreactive bands was quantitated using ImageJ software package. For ELISA measurements, a commercially available A␤(1-42) detection kit was used (Life Technologies, Inc., KHB3442). The measurements were performed according to the manufacturer's recommendations. The TBS and TBSX fractions from both mice and humans were diluted in Sample Diluent Buffer 1:1, and the optimal dilution for FA fraction was empirically determined to be 1:800 for humans and 1:32,000 for mice. The absorbance at 450 nM was measured using a Victor 3V plate reader (PerkinElmer Life Sciences), and the absolute amount of A␤ was determined using the standard curve based on serial dilutions of monomeric preparation of synthetic A␤.
Size-exclusion Chromatography-Oligomeric and monomeric preparations of synthetic A␤ at 100 nM, as well as TBSextracted material from mouse brains and human post-mortem prefrontal cortex, were separated on TSKGel G3000SWxl gel filtration column (Tosoh) using AKTA purifier FPLC system (GE Healthcare). 200 l of sample was injected at a flow rate of 0.75 ml/min. PBS, pH 7.4, was used as a mobile phase. Fractions of 0.75 ml were continuously collected throughout the whole run and analyzed the same day for A␤ content. The separation and fraction collections were performed at 4°C. The molecular weight estimations were performed using the gel filtration standard kit (Bio-Rad) containing thyroglobulin, ␥-globulin, ovalbumin, myoglobin, and vitamin B 12 (molecular mass of 670, 158, 44, 17, and 1.3 kDa, respectively) as a reference.
Histology-Brains were obtained from 3-and 12-month-old APP/PSEN1 mice, 4-and 18-month-old Tg2576 mice, and 18-month-old 3ϫ mice. The brains were embedded in gelatin. 40-m sagittal sections were cut using A Leica VT 1000 S vibratome. Sections were stained for amyloid plaque deposition using thioflavin-T (ThT) and immunofluorescence. Sections used for ThT were washed in PBS for 5 min and then mounted on Superfrost Plus slides (Fisher) and allowed to dry completely. The slides were then incubated at room temperature for 15 min in a 0.1% ThT solution made in 70% ethanol. The slides were washed twice in 70% ethanol and then twice in distilled water, 1 min per each wash. The slides were then dried, covered in fluorescence mounting media (Vectashield) and a coverslip, and sealed.
Sections used for immunofluorescence were washed in PBS for 5 min and then washed in blocking buffer (10% normal donkey serum, 0.2% Triton X-100, in PBS) for 1 h. A primary antibody solution was made with a 1:400 concentration of ␤-amyloid antibody (catalog no. 2454, Cell Signaling Technology, made in rabbit) in PBS with 1% normal donkey serum and 0.2% Triton X-100. Sections were washed in this primary antibody solution overnight at 4°C. The sections were then washed three times in PBS for 10 min per wash. A secondary antibody solution was made with a 1:600 concentration of an anti-rabbit antibody (made in donkey, Invitrogen, Alexa Fluor 594) in PBS with 1% normal donkey serum and 0.2% Triton X-100. Sections were washed in this secondary solution for 2 h at room temperature, and then three times in PBS for 10 min per wash. Sections were mounted on Superfrost Plus sides (Fisher), allowed to dry completely, covered in fluorescence mounting media (Vectashield) and a coverslip, and sealed.
Sections were imaged on an UltraVIEW VoX (PerkinElmer Life Sciences) spinning disc confocal microscope with a ϫ4 objective (CFI Achro Flat Field, NA 0.1, air). A solid state 488 nm laser (Coherent) was used to image the ThT-stained sections, and a solid state 561 nm laser (Cobolt) was used to image the sections with the ␤-amyloid antibody (catalog no. 2454). Images were taken of the frontal cortex.
Results

PrP C Binding A␤o Levels Are Increased in Old APP/PSEN1 Mice and in Human AD Patients-To verify that the presence of PrP
C -interacting A␤ oligomers in biological samples is specifically confined to AD-relevant samples, but not to control samples, we assessed an optimized PLISA in aged (15-18 months) AD model APPswe/PSen1⌬E9 (APP/PSEN1) mice in comparison with wild-type animals. At this age, APP/PSEN1 mice have fully developed impairment of learning and memory as well as large amounts of fibrillar A␤ deposited in the form of plaques across the cerebral cortex and hippocampus (29, 58, 59) . In whole-brain TBS extracts, PLISA measurement detected PrP C -interacting A␤ species only in APP/PSEN1 and not in WT brain homogenates ( Fig. 1a ; APP/PSEN1 mice, 33 Ϯ 3.6 ng/g of brain, n ϭ 7; WT, below 4 pg/ml detection limit, n ϭ 5; p ϭ 0.0001), thus confirming that the presence of PrP C -interacting A␤ is a distinctive feature of cognitively impaired AD model mice.
Next, we investigated whether the specific presence of PrP Cinteracting A␤o in AD-relevant samples is generalizable to human brain. Our prior use of PLISA to assess human brain samples preceded assay optimization but demonstrated statistical separation of AD from control with some overlap of values near the detection limit of the assay (27) . Here, we utilized an optimized PLISA on TBS extracts from human post-mortem prefrontal cortex from AD patients and age-matched controls free of AD pathology. All AD samples had nanogram amounts of A␤o per g of brain tissue, whereas the average amount of A␤o in control brain was more than 2 orders of magnitude lower ( Fig. 1b ; AD, 13.19 Ϯ 3.19 ng/g of brain, n ϭ 12; control, 0.10 Ϯ 0.05 ng/g of brain, n ϭ 9; p ϭ 0.0017). Not surprisingly, due to interpersonal variation the human samples exhibited a greater variability of PLISA values than inbred APP/PSEN1 mice. However, even the lowest PLISA value for the AD sample (2.47 ng/g) was almost five times larger than the highest control value for the control human brain (0.50 ng/g), thus validating the level of PrP C -interacting A␤ in differentiating between samples from AD-affected and neurologically healthy individuals. Interestingly, the average absolute values of PLISA activity in human AD patients were similar (tens of nanograms/g of brain) to APP/PSEN1 mice at the stage when they exhibit an AD-like behavioral deficit, suggesting consistent potency of PrP c -interacting A␤o to induce AD-related changes in both APP/PSEN1 mice and humans.
PLISA Specifically Detects Soluble Oligomeric A␤ Assemblies of High Molecular Weight-The major distinction between the numerous previously described and presumed toxic A␤o assemblies is their size (20) . Therefore, we sought to determine the hydrodynamic dimensions of PrP C -interacting A␤ by SEC. First, we fractionated 100 nM oligomeric and monomeric synthetic A␤ preparations and analyzed the fractions using PLISA and commercially available A␤ 42 ELISA methods. The PLISA signal of F-12 oligomeric A␤ preparation peaked in the column's high molecular weight early eluting fractions (Fig. 1d) . Thus, based on monitoring of UV absorbance at 280 nm, the fractions showing highest PLISA activity are consistent with the regions of chromatogram where A␤o elutes (Fig. 1c, 1st peak). The monomeric preparation of A␤ shows only a modest PLISA activity peak in high molecular weight fractions while demonstrating negligible signal in fractions corresponding to the A␤ monomer. Conversely, the A␤ 42 ELISA signal shows a clear bias toward monomeric species of A␤ in both the monomeric and oligomeric preparations. It is possible that the A␤ 42 ELISA is completely selective for monomer, and the small ELISA activity peak in high molecular weight fractions in oligomeric preparation could be explained by disassembly of oligomers, because the dynamic equilibrium is shifted toward the monomeric state after dilution (Fig. 1d) .
To assess biological samples, we performed PLISA and A␤ 42 ELISA on SEC fractions of TBS extracts from post-mortem brains of AD patients and aged APP/PSEN1 mice, with extracts from post-mortem brains of neurologically healthy humans and WT mice as controls, respectively. Lysates from both APP/ PSEN1 mice and human AD patients had a single sharp PLISA activity peak eluting in early SEC fractions, consistent with PrP C selectivity toward large A␤ assemblies observed for synthetic A␤ preparations. PLISA activity in TBS extracts from the brains of WT mice and human controls was marginal or undetectable across all the fractions. Conversely, as with synthetic A␤ preparations, the major peak of A␤ 42 ELISA activity eluted in late SEC fractions consistent with the size of monomeric A␤. Although both WT mice and control human lysates demonstrated lower ELISA activity than their APP/PSEN1 and AD counterparts, the separation was not as dramatic as for high molecular weight PLISA activity (Fig. 1 , e and f). Sequential TBS extractions from human and mouse tissues showed a progressive decrease in PLISA levels, indicating that PrP C binding activity comes from a distinct population of soluble A␤o assemblies rather than mechanical fragmentation of abundant insoluble A␤ fibrils (data not shown). PrP
C -interacting A␤o Represents a Distinct Pool of High Molecular Weight A␤ Assemblies-To determine whether or not PrP
c is binding all types of A␤o indiscriminately or demonstrates selectivity for certain species, we compared the size distribution of PLISA activity to two oligomer-specific ELISAs developed here for this purpose. The first assay (82e1-8243 sandwich ELISA) relies on a pair of antibodies recognizing identical epitopes within the N terminus of A␤ and therefore detects multimeric A␤ assemblies exclusively. The second assay (8243-Nu4 sandwich ELISA) relies on the conformationspecific antibody Nu4, which recognizes oligomeric A␤ but not monomeric or fibrillar A␤ (60) . We have tested the assay specificity by incubating the plates with monomeric A␤, F-12 A␤o (ADDL) preparation, or a globulomer A␤o preparation. Both oligomer ELISAs are highly specific toward oligomeric A␤; however, both 82e1-8243 and 8243-Nu4 demonstrated higher signals when incubated with globulomer A␤o, whereas PLISA demonstrated greater reactivity with the F-12 preparation of A␤o (Fig. 2, a-c) . Globulomer preparation consists of highly homogeneous, smaller molecular weight oligomers (10 -12-mers) (61) , although the F-12 preparation is more polymorphic with a higher proportion of HMW assemblies (21) . Therefore, it is likely that PrP C preferentially binds the HMW subset of A␤o, thus resulting in a higher signal when incubated with F-12 preparation. This observation is further supported by distribution of 82e1-8243 oligomer ELISA, 8243-Nu4 oligomer ELISA, and PLISA activity after SEC fractionation of A␤o. PLISA activity elutes as a sharp peak that is largely confined to HMW fractions, whereas 82e1-8243 and 8243-Nu4 activities are distributed proportionally to the amount of A␤o in the eluted fraction (based on absorbance at 280 nm; Fig. 1g ). As a result, 82e1-8243 and 8243-Nu4 allow unbiased quantitation of all forms of A␤o in the sample, whereas PLISA specifically measures the fraction of PrP C -interacting HMW A␤o assemblies. A combination of these assays allows a more comprehensive picture of A␤o accumulation in biological samples.
We therefore performed 82e1-8243 ELISA and PLISA on SEC-fractionated APP/PSEN1 mouse TBS brain extracts to characterize the distribution of oligomeric species. Similar to results with synthetic A␤o, PLISA activity elutes as a sharp peak in early HMW fractions, with an additional smaller peak of activity around 200 kDa indicating the presence of other PrP Cinteracting species absent in synthetic preparation (Fig. 1h) . The first and major peak of 82e1-8243 oligomer ELISA activity also elutes in HMW fractions, although later than PLISA activity and has two smaller additional peaks. The second peak of 82e1-8243 ELISA activity appears to co-elute with the smaller PLISA activity, suggesting that these peaks were generated by detection of the same A␤o species. Together, this combination of assays distinguishes multiple A␤o forms in the brains of APP/PSEN1 mice after the onset of AD-like symptoms.
Levels of PrP C -interacting A␤o Increase with Age and Predict Behavioral Impairment-Because the presence of PrP
C -interacting high molecular weight A␤o was exclusively confined to AD-related samples, we tracked changes in PrP C -interacting A␤o through the life span of APP/PSEN1 mice. These mice are extensively used as an AD model and have been thoroughly characterized in terms of behavioral impairment, and therefore they provided a good system to assess the ability of PrP C -interacting A␤o to predict the severity of behavioral deficit (58, 62) . Here, we used the MWM hidden platform task (54) to track the development of learning deficits in APP/PSEN1 mice as a function of age.
Compared with WT mice, APP/PSEN1 mice show a progressive decline in cognitive function from normal spatial learning at 3 months to nearly complete impairment at 18 months (Fig.  3a) . In association with this age-dependent disease progression, we performed measurements of PrP C -interacting A␤o in TBSsoluble material, as well as in a subsequent detergent-soluble fraction extracted with 1% Triton X-100 in TBS (TBSX) to assess the amount A␤o in the membrane-associated state. Both TBS and TBSX fractions demonstrated comparable levels of PLISA activity, suggesting equal proportions of free and membrane-associated PrP C -interacting A␤o in both mouse and human brains. The amount of A␤o in both TBS and TBSX extracts increased with mouse age, reaching the mean value observed in human AD patients (13.2 Ϯ 3.2 and 14.4 Ϯ 4.1 ng/g brain tissue for TBS and TBSX, respectively) at about 8 -10 months and continuing to rise to 32.3 Ϯ 0.8 ng/g for TBS and 42.2 Ϯ 3.2 ng/g for TBSX at 18 months (Fig. 3a) . Interestingly, APP/PSEN1 mice start to develop signs of cognitive impairment (demonstrate learning deficit in MWM hidden platform spatial navigation task) at 8 -12 months, approximately the same time that their PrP C -interacting A␤o reaches the average level observed in human AD brains. Moreover, regression analysis of these data demonstrates a very strong connection between PLISA and MWM navigation performance, highlighting the precision of PrP C -interacting A␤o levels in predicting cognitive impairment in APP/PSEN1 mice ( C -interacting A␤o measurement for cognitive impairment, we performed PLISA measurements throughout the life span of four widely used AD mouse models (in addition to APP/PSEN1 mice) (63, 64) as follows: CRND8 transgenic mice (65) , 3ϫ transgenic mice (53), 5ϫ FAD transgenic mice (67) , and Tg2576 transgenic mice (68) . Because of the differences in genetic backgrounds and slight variations under "Experimental Procedures" (for instance, the diameter of the maze used in the study), the direct interstrain comparison of cognitive performance between multiple AD mouse models using standard behavioral metrics (like the time the mouse spends in the target quadrant of the maze or the time the mouse takes to find the hidden platform) is extremely challenging. To account for such experimental variations and therefore to make it possible to test the generalizability of our observations on multiple AD mouse strains, we have calculated the normalized cognitive performance coefficients based on animal performance in MWM spatial navigation task (nSLD) and MWM probe trials to assess spatial memory deficit (nSMD). We have then correlated the accumulated PLISA data with nSLD and nSMD. Behavioral experiments on 3ϫ, APP/PSEN1, and FIGURE 1. Characterization of PrP C -interacting A␤o. Using PLISA, amounts of PrP C -interacting A␤ oligomers were quantified in brain lysates from wild-type (black dots) and APP/PSEN1 (red dots) transgenic mice (a) as well as from neurologically healthy (black dots) and AD-affected (red dots) human individuals (b). Human AD patient and APP/PSEN mouse samples showed considerably higher levels of A␤o compared with WT mice and human control samples, which had only marginally detectable levels of A␤o. Synthetic A␤ was oligomerized in F-12 medium and separated using size-exclusion chromatography (c). A␤o peak elutes in early fractions (*), whereas monomeric A␤ elutes at the very end of separation (monomeric A␤ peak corresponds to highly absorbing components of F-12 medium, large peak at V c ). SEC fractionation was performed on oligomeric (oA␤, straight lines) and monomeric preparations (mA␤, dashed lines) of synthetic A␤ (d), and fractions were assayed using PLISA (black lines) and conventional ELISAs (red lines). PLISA demonstrated strong preference toward high molecular weight A␤ assemblies showing strong peak in column void volume (V o ) and early fractions, particularly prominent in oligomeric preparation. ELISA was mostly specific toward monomeric forms of A␤ resulting in sharp peak close to fractions corresponding to total column volume (V c ). In analogy with synthetic A␤ preparations, SEC fractionation coupled to PLISA and ELISA was performed on TBS brain lysates of APP/PSEN1 (Tg, straight lines) and wild-type control (WT, dashed lines) mice (e) as well as TBS lysates from post-mortem brain tissue from human AD patients (AD, straight lines) and neurologically healthy control individuals (CTRL, dashed lines) (f). Similarly to synthetic material, PLISA was highly selective toward HMW A␤ assemblies only in AD-related but not in control samples, whereas ELISA was mostly detecting monomeric A␤. PLISA activity forms a sharp peak in HMW fractions, whereas the activity of A␤ oligomer-specific ELISAs (8243-Nu4, 82e1-8243) distributes proportionally to the amount of eluting A␤o (g). Specificity of PLISA toward HMW A␤o was also true for TBS brain lysates from old APP/PSEN1 mice, whereas 82e1-8243 detected a broader range of A␤o species (h). Bio-Rad Gel Filtration protein standards were used to aid with the molecular weight determination of A␤ species: peak 1, thyroglobulin (bovine), 670 kDa; peak 2, ␥-globulin (bovine), 158 kDa; peak 3, ovalbumin (chicken), 44 kDa; peak 4, myoglobin (horse), 17 kDa; peak 5, vitamin B 12 , 1.35 kDa. mAU, milliabsorbance units. Error bars represent S.E.
Tg2576 mice were performed in-house with the same colony as the A␤o measurements, whereas the behavioral data for CRND8 and 5ϫ FAD mice were extracted from the literature (65, 69, 70) . All tested AD models demonstrated a progressive increase in PrP C -interacting A␤o; however, the rates of accumulation as well as maximal A␤o levels dramatically differed from strain to strain (Fig. 3c) . Thus, 5ϫ FAD and CRND8 mice demonstrated the most rapid increase in PrP C -interacting A␤o concentration, reaching values 2-3 times higher than APP/ PSEN1 mice almost three times faster. Conversely, Tg2576 and particularly 3ϫ transgenic mice were much slower A␤o accumulators, having comparatively low PLISA activity even at 16 months. In terms of cognitive impairment, the trends in both nSLD and nSMD mirrored that observed in PLISA measurements (Fig. 3, d and e) as follows: deterioration of both spatial learning and spatial memory progressed much faster in APP/ PSEN1, 5ϫ FAD, and CRND8 mice and slower in Tg2576 and 3ϫ mice. Interestingly, despite dramatic interstrain differences in the rates of PrP C -interacting A␤o accumulation, the size distribution of PLISA activity was similar in all strains and was eluting as a distinct peak at HMW range (Fig. 3, f and g ).
Finally, linear regression analysis demonstrated that the capacity of PrP C -interacting A␤o levels to predict cognitive impairment could be extrapolated from APP/PSEN1 to multiple mouse AD models. Moreover, combining data from all transgenic strains provides a strong highly significant correlation of PrP C -interacting A␤o levels with mouse dysfunction of learning and memory (Fig. 3, h and i) . Taken together, the examined AD mouse models exhibited a continuous progression of pairs of ln(PLISA)-nSLD and ln(PLISA)-nSMD values, with nSLD showing a better match to PLISA levels than does nSMD (ln(PLISA:nSLD): n ϭ 64, Dfd ϭ 62, r 2 ϭ 0.77, p Ͻ 0.0001; ln(PLISA): nSMD: n ϭ 62, Dfd ϭ 60 r 2 ϭ 0.50, p Ͻ 0.0001; where n represents the total number of animals for which both biochemical A␤ measurements and cognitive performance measurements are available). These high correlations are observed with behavioral data derived from our laboratory for three strains and from literature citations for two strains. Any differences between the literature handling and housing would only degrade the correlations. In this setting, the high correlations observed for oligomeric A␤ species are even more striking.
Accumulation of Other A␤ Subsets in Multiple Mouse Strains-To evaluate the association between PrP C -interacting A␤o and cognitive decline, we compared the predictive power of PLISA with an array of metrics commonly used to characterize A␤ burden in biological samples, as well as newly developed 82e1-8243 and 8243-Nu4 oligomer-specific ELISAs. Specifically, we performed three-step sequential protein extraction (TBS followed by TBSX followed by FA) from the brains of APP/PSEN1, 3ϫ, 5ϫ FAD, Tg2576, and CRND8 mice of various ages, and we analyzed the lysates by immunoblotting and ELISAs (see "Experimental Procedures" for details). Additionally, ThT and immunofluorescent staining for A␤ were performed on brain sections of 3ϫ, APP/PSEN1, and Tg2576 mice to calculate the amyloid plaque burden in cerebral cortex. These transgenic mice are extensively studied and have been thoroughly characterized in terms of development of AD-like biochemical, histological, and behavioral pathologies (63, 64) . To our knowledge, no investigation of similar scope comparing the pattern of A␤ accumulation across multiple models and its effects on cognitive performance has been performed.
Because WB measurements performed on TBS-and TBSXextracted material demonstrated similar absolute levels of A␤ in both fractions, these two metrics were averaged into a single one, "Total Soluble A␤." The WB samples were denatured by boiling in SDS, so A␤ monomer bands under these conditions include monomeric A␤ and dissociated A␤ from oligomers, thereby estimating total soluble A␤ independently of polymerization status. WB-quantified levels of total soluble A␤ progressively increased with animal age in all model mice, although the absolute values and accumulation rates varied dramatically from strain to strain, resembling the pattern observed in PLISA (Fig. 4, a and b) . Similarly to PLISA measurements, 5ϫ FAD and CRND8 mice were quick to accumulate A␤; at 6 and 10 months, respectively, they demonstrated a 8 -10-fold higher amount of total soluble A␤ than average human AD brain (5ϫ FAD at 6 months: 625 Ϯ 35 ng of A␤/g of brain tissue, n ϭ 3; CRND8 at 10 months: 481 Ϯ 40 ng of A␤/g of brain tissue, n ϭ 3; human AD: 81 Ϯ 13 ng of A␤/g of brain tissue). APP/PSEN1 and Tg2576 animals were slower in attaining high levels of total soluble A␤, reaching 3-4 times the level observed in human AD brains at 16 -18 months of age (APP/PSEN1: 230 Ϯ 45 ng of A␤/g of brain tissue, n ϭ 2; Tg2576: 248 ng of A␤/g of brain tissue, n ϭ 1). 3ϫ transgenic mice were the slowest to accumulate WB-detectable soluble A␤ only achieving about 20% of human AD average (3ϫ Tg at 16 months: 14 Ϯ 5 ng of A␤/g of brain tissue, n ϭ 6). Similarly to WB, values from A␤ 42 ELISAs on TBS and TBSX extracts were merged into a single variable and referred to as "Soluble A␤ Monomer" due to the high bias of the A␤ 42 ELISA kit used toward monomeric A␤. Consistent with WB results, A␤ 42 ELISA showed age-dependent accumulation of soluble A␤ with a large divergence in A␤ levels between models (Fig. 4c) . 5ϫ FAD and CRND8 mice were the fastest to accumulate soluble A␤ monomers; APP/PSEN1 and Tg2576 showed intermediate rate of accumulation, and 3ϫ was the slowest (5ϫ FAD at 6 months: 4.44 Ϯ 0.48 ng of A␤/g of brain tissue, n ϭ 3; CRND8 at 10 months: 4.68 Ϯ 0.70 ng of A␤/g of brain tissue, n ϭ 2; APP/PSEN1 at 18 months 1.45 Ϯ 0.19 ng of A␤/g of brain tissue, n ϭ 2; Tg2576 at 16 months: 0.49 Ϯ 0.09 ng of A␤/g of brain tissue, n ϭ 3; 3ϫ at 16 months: 0.11 Ϯ 0.05 ng of A␤/g of brain tissue, n ϭ 6). Finally, we used WB and A␤ 42 ELISA to measure the levels of FA-extracted A␤, a fraction that should mostly contain insoluble A␤ that was deposited in brain as amyloid plaques. Consistently with ELISA, PLISA, and WB data, AD mice showed high inter-strain variation in A␤ accumulation rates and in absolute A␤ levels, whereas each of the strains taken separately demonstrated age- Fig. 4d ; 5ϫ FAD at 6 months: 71,000 Ϯ 2000 ng of A␤/g of brain tissue, n ϭ 3; CRND8 at 10 months: 79,000 Ϯ 1200 ng of A␤/g of brain tissue, n ϭ 3; APP/PSEN1 at 18 months: 69,000 Ϯ 2000 ng of A␤/g of brain tissue, n ϭ 2; Tg2576 at 16 months: 18,000 Ϯ 5000 ng of A␤/g of brain tissue, n ϭ 3; 3ϫ at 16 months: 1300 Ϯ 400 ng of A␤/g of brain tissue, n ϭ 6).
Both ThT and immunofluorescent anti-A␤ staining allowed visualization of the formation of amyloid plaques in cerebral cortex (Fig. 5 ) of old but not young mice. The area occupied by plaques determined by histological metrics was directly proportional to the levels of FA-soluble A␤ detected by ELISA and WB, confirming similar bias of these methods toward measuring insoluble A␤ deposits (Fig. 5, b and c; % total brain area covered by amyloid plaques, immunostaining: 16-month-old Tg2576, 2.23%; 18-month-old APP/PSEN1, 4.7%; 16-monthold 3ϫ, 0.01%; % total brain area covered by amyloid plaques, ThT staining: 16-month-old Tg2576, 1.00%; 18-month-old APP/PSEN1, 2.4%; 16-month-old 3ϫ, 0.06%).
Finally, we performed 82e1-8243 and 8243-Nu4 ELISAs on TBS-extracted brain lysates to study the accumulation of all detectable A␤o species in various AD mouse models. Both oligomer-specific ELISAs have revealed similar temporal patterns of A␤o accumulation in AD mice. As for PLISA, the levels of total A␤o increase with animal's age, with 5ϫ FAD and CRND8 being the fastest accumulators and 3ϫ Tg the slowest ( 
PrP C -interacting A␤o Level Is an Accurate Predictor of Cognitive Impairment in Mice-
To test the comparative potential of various metrics to predict the behavioral impairment, we performed linear regression analysis, receiver-operator characteristic (ROC) curve analysis, and 2 ϫ 2 contingency table analysis (71) allowing us to assess the accuracy of PrP C -interacting A␤o (PLISA), soluble A␤ 42 monomer ELISA, total soluble A␤o ELISAs, soluble A␤ WB and FA-extracted A␤ levels as indicators of the onset and progression of cognitive decline (measured as nSLD and nSMD). Linear regression analysis was performed similarly to PLISA-nSMD and PLISA-nSLD (Fig. 3, h and i) and revealed that all A␤-related metrics demonstrate significant correlations with deficits both in memory and learning across a panel of AD mouse models. However, PrP C -interacting A␤o correlates with the progression of memory and learning deficits more closely than any other A␤-related metric analyzed (Fig. 6c) . For ROC curve and contingency table analysis, we used nSLD ϭ 0.5 and nSMD ϭ 0.15 as cutoffs for disease and classified all the animals showing higher values as behaviorally deficient. In ROC curve analysis, PrP-interacting A␤o had larger area under the curve values (which is a metric used to assess the ability of a test to correctly predict diagnosis) than any other metric (Fig. 7) . However, the sample size was not sufficient to demonstrate statistical significance of higher area under the curve values for PLISA as compared with other metrics except A␤ monomer ELISA. For contingency table analysis of A␤-related metrics, the lowest measurement observed in human AD patients by a corresponding metric was used as a cutoff (2.2 ng/g of tissue for PLISA; 0.01 ng/g of tissue for soluble A␤ monomer ELISA; 26.3 ng/g of tissue for soluble A␤ WB; 725.86 ng/g of tissue for FA-extracted A␤; 13.15 ng/g of tissue for 82e1-8243; and 24.15 ng/g of tissue for 8243-Nu4), and animals demonstrating A␤ levels above this threshold were considered as testing positive for A␤. Behaviorally deficient animals testing positive for A␤ were classified as true positives; mice with no cognitive deficit and A␤-negative were considered true negatives; and A␤-negative mice with behavioral deficits or cognitively normal A␤-positive animals were deemed false-negatives or false-positives, respectively ( Fig. 8 ; Table 3 ). Out of all the metrics analyzed, PrP C -interacting A␤o had the highest accuracy in predicting the cognitive impairment in both the MWM hidden platform task (nSLD, accuracy ϭ 0.97) and probe trials (nSMD, accuracy ϭ 0.79). However, the oligomerspecific 82e1-8243 and 8243-Nu4 ELISAs showed comparable yet lower accuracy values. Although decreasing or increasing the stringency of behavioral deficit cutoffs shifted the calculated accuracy values, PrP C -interacting A␤o demonstrated higher predictive power relative to other metrics regardless of cutoff (data not shown).
FIGURE 3. Levels of PrP
C -interacting A␤o rise with age and are tightly linked to development of learning deficit in multiple mouse models of AD. a, levels of PrP C -interacting A␤o were measured using PLISA in TBS (black line) and TBSX (red line) brain protein extracts from APP/PSEN mice at 3, 6, 12, and 18 months of age, as well as from human AD-affected (red squares) and control (black squares) individuals. Learning deficits were also assessed in APP/PSEN mice using the Morris water maze hidden platform navigation task at 3, 12, and 18 months (APP/PSEN, dashed blue line; WT, dashed green line). PLISA activity levels increased with the age of APP/PSEN mice and were highly coherent with the progressive decline in spatial learning. Regression analysis using linear growth curve fit further demonstrated the link between PLISA levels and learning deficit (b). Error bars represent S.E. c, levels of PrP C -interacting A␤ oligomers were measured across multiple ages of WT (2, 3, 10, 12, 16 , and 18 months), CRND8 (2, 5, and 10 months), 3ϫ Tg (4, 13, and 16 months), Tg2576 (3, 6, 10, 14, and 16 months), 5ϫ FAD (2 and 6 months), and APP/PSEN1 (3, 6, 12, and 18 months) as well as human AD and control individuals (please see Tables 1 and 2 for details on sample sizes for each group). All AD model mice but not WT animals demonstrated an increase in PrP c -interacting A␤ oligomers; however, the rates of accumulation varied greatly between models. To assess interstrain comparison of cognitive decline, behavioral data from in-house experiments (Tg2576, APP/PSEN1, 3ϫ Tg) as well as literature data (5ϫ FAD, CRND8 (65, 69, 70) ) were converted into a normalized performance in Morris water maze hidden platform navigation task (normalized spatial learning deficit, nSLD) (d) and Morris water maze probe trials (nSMD) (e). SEC characterization of brain lysates from WT, 5ϫ FAD, Tg2576, and 3ϫ Tg mice coupled to PLISA (f) and A␤ 42 ELISA (g) have demonstrated results consistent with ones observed for APP/PSEN1 mice in Fig. 1 ; PrP C -interacting A␤o specifically detected by PLISA were represented by HMW A␤ assemblies highly conserved across all tested mouse strains, whereas A␤ 42 ELISA was largely specific toward monomeric A␤. Regression analysis using exponential growth curve fit demonstrated that PrP c -interacting A␤ oligomers possess an excellent ability to predict the decline of cognitive performance in mice, both in form of spatial learning (h) and spatial memory (i). Error bars represent S.E. FIGURE 4. Multiple A␤-related metrics demonstrate coherent increase of multiple fractions of A␤ as a function of mouse age. Total protein was sequentially extracted from the brains of human AD patients and neurologically healthy individuals as well as from brains of several mouse strains of multiple ages (WT: 2, 3, 10, 12, 16, and 18 months; CRND8: 2, 5, and 10 months; 3ϫ Tg: 4, 13, and 16 months; Tg2576: 3, 6, 10, 14, and 16 months; 5ϫ FAD: 2 and 6 months; APP/PSEN1: 3, 6, 12, and 18 months). All the lysates were then assayed for A␤ levels using ELISA and immunoblotting. a, representative images of immunoblots used to assess the level of total A␤ in brain lysates after sequential extraction with TBS, TBSX, and FA. Monomeric preparation of synthetic A␤ at 32, 64, and 128 ng (missing in TBSX blots) were run alongside lysates to aid with absolute quantitation. Averaged results of WB immunoblot quantitation of A␤ in TBS and TBSX fractions (total soluble A␤) are graphed in b. Levels of total soluble A␤ in increased with animal age in all model mice, although the accumulation rates varied: 5ϫ FAD and CRND8 mice were accumulating A␤ much faster than APP/PSEN mice, whereas Tg2576 and 3ϫ mice were slower A␤ accumulators. A similar discrepancy in A␤ accumulation rates was observed for the levels of soluble A␤ measured by ELISA (c) as well as levels of A␤ in formic acid-extracted material (d), average of quantitation of immunoblots on FA-extracted material and ELISA on FA-extracted material. Overall, levels of multiple subsets of A␤ increase in coherence as a function of mouse age. Error bars represent S.E.
Taken together, all the metrics demonstrate a high degree of coherence between multiple populations of A␤ molecular species. Although all AD mouse strains showed progressive increase in all measured A␤ species as a function of age, the A␤o levels (both PrP C -interacting and total A␤o) in behaviorally impaired animals were the closest to the ones observed in human AD patients (Fig. 9a, (2, 3, 10, 12, 16 , and 18 months), CRND8 (2, 5, and 10) months, 3ϫ Tg (4, 13, and 16 months), Tg2576 (3, 6, 10, 14, and 16 months), 5ϫ FAD (2, 4, and 6 months), and APP/PSEN1 (3, 6, 12, and 18 months) mice were analyzed by 82e1-8243 (a) and 8243-Nu4 (b) assays to quantify total amount of A␤o. Levels of total A␤o increased with animal age in all model mice, although the accumulation rates varied as follows: 5ϫ FAD and CRND8 mice accumulated A␤o much faster than APP/PSEN and Tg2576 mice, whereas 3ϫ mice were slower A␤ accumulators. c, table of correlations between mouse performance in behavioral tests and various A␤-related biochemical metrics. PLISA is demonstrating the strongest significant correlation with progression of behavioral impairment across the panel of five AD mouse models. Error bars represent S.E. view, the mouse models closely mimic the A␤o burden observed in the human AD samples. These data also suggest that A␤ oligomerization, relative to fibrillization, is more prevalent in human brain than in mouse brain.
PrP C -interacting Fraction and Size of A␤o Pool Varies between Mouse Models of AD-Despite the general similarity between the accumulation profiles of total and PrP
C -interacting A␤o, the relative speed of accumulation of PrP C -interacting A␤o as a fraction of total A␤o pool varied greatly from model to model. At the time of detectable cognitive impairment PLISA activity in APP/PSEN1 mice is almost six times higher than in Tg2576 mice, whereas 82e1-8243 and 8243-Nu4 assays demonstrate that the levels of total A␤o in these mice are almost the same. Thus, the relative fraction of PrP C -interacting A␤o in the total A␤o pool of cognitively impaired 3ϫ and Tg2576 mice was significantly lower than in CRND8 and APP/PSEN1 mice in both A␤o ELISAs (Fig. 9, b and c, red bars) . 5ϫ FAD mice demonstrated intermediate relative levels of PrP C -interacting A␤o, being significantly different from Tg2576 in both assays and from APP/PSEN1 or CRND8 in 82e1-8243 or 8243-Nu4, respectively (Fig. 9, b and c, blue bars) . Such segregation of genotypes based on the fraction of PrP C -interacting A␤o in the total A␤o pool may uncover functionally important differences in the patterns of A␤ oligomerization between mouse strains and could dramatically affect the mechanisms involved in triggering the onset of AD-like symptoms in different animals. Interestingly, when we performed regression analysis on various A␤ metrics separately in mice with low (Tg2576 and 3ϫ Tg) and high (APP/PSEN1, 5ϫ FAD, and CRND8) relative amounts of PrP-interacting A␤o in total A␤o pool, there were differences (data not shown). We saw an even stronger significant correlation between behavioral deficit and PLISA activity in mice with high relative fractions of PrP-interacting A␤o compared with the one observed across the mixed sample of mice with low and high relative amounts of PrP-interacting A␤o. In contrast, the correlation between PLISA activity and the severity of behavioral impairment was less in mice with a low relative amount of PrP-interacting A␤o, suggesting that these mice might have alternative and less PrP-dependent mechanisms contributing to the progression of AD-like pathology.
To further assess differences in the A␤o pool between strains, we have compared the size distribution of A␤o in APP/ PSEN1 (with a high proportion of PrP C -interacting A␤o) to Tg2576 (with a low proportion of PrP C -interacting A␤o) mice by performing the 82e1-8243 assay on SEC-fractionated brain extracts. Interestingly, when compared with APP/PSEN1, the profile of A␤o in Tg2576 mice is shifted toward lower molecular weight forms (data not shown). This observation further in d) ; however, this trend reaches significance only in comparison with A␤ monomer-specific ELISA. As described in Fig. 3 , the normalized behavioral data are from in-house experiments (Tg2576, APP/PSEN1, 3ϫ Tg) as well as literature data (5ϫ FAD and CRND8 (65, 69, 70) ).
highlights interstrain variation of A␤o accumulation patterns and also explains the lower relative levels of PrP C -interacting A␤o (which is predominantly HMW) in Tg2576 mice. These differences raise the possibility that alternative PrP C -independent mechanisms might contribute to the emergence of ADlike phenotypes in mice with low relative amounts of PrP C -interacting A␤o, whereas phenotypes in mice with high fractions of PrP C -interacting A␤o (like APP/PSEN1) are highly dependent on the presence of PrP C .
Blockade of A␤ Production Reveals a Long Half-life for Soluble Oligomeric
A␤-Earlier studies have demonstrated that various A␤ pools have very different half-lives and respond quite differently to blockade of A␤ production by secretase inhibitors. It is documented that short term treatment with secretase inhibitors rapidly lowers soluble monomeric A␤ 40 and A␤ 42 within hours (72) (73) (74) (75) . In contrast, levels of pre-existing plaque A␤ are stable during secretase inhibition such that accumulation is halted but plaques do not regress substantially even over many months of treatment (74 -77) .
We sought to determine whether soluble A␤ oligomers have a short or long half-life assessed after secretase inhibition in plaque-bearing mice. Therefore, we treated 12-month-old APP/PSEN mice with of the ␥-secretase inhibitor LY-411575 (n ϭ 4) or vehicle (n ϭ 5) twice daily by oral gavage for 1 week. We then analyzed A␤ levels in sequentially extracted brain homogenates (TBS, TBSX, and FA) using PLISA, 82e1-8243 Subsets of A␤o in AD Model Progression FIGURE 9 . PrP-Fc affinity depletion of synaptotoxic activity from AD brain extracts specifically removes HMW but not low molecular weight A␤o species. The average levels of PrP C -interacting A␤o and total A␤o in mice with developed behavioral deficits were only twice higher than the ones observed in human AD patients (a). In contrast, levels of soluble ELISA-detectable A␤-and FA-extractable A␤ were, respectively, ϳ50 and ϳ20 times higher in mice than in humans. Total soluble A␤ measured by WB was ϳ4 times higher in mice than in humans. The relative fraction of PrP C -interacting A␤o in the total A␤o pool was significantly higher in APP/PSEN1 and CRND8 than in 3ϫ and Tg2576 mice, whereas 5ϫ FAD mice had an intermediate relative amount of PrP C -interacting A␤o (b and c). To investigate the relative potency of PrP-interacting and PrP-inert A␤o, pooled TBS brain extracts from AD patients (n ϭ 6) were affinity-depleted of PrP C -interacting A␤ by incubation with PrP-Fc-Sepharose. Fc-conjugated resin was used for nonspecific pulldown control, whereas pooled extracts from the brains of neurologically healthy patients (n ϭ 5) were used as disease-negative control. PrP-Fc pulldown resulted in complete elimination of PLISA activity from AD samples, whereas incubation with the noncoupled resin did not change PLISA activity level or size distribution by SEC relative to pre-pulldown values (d and e). The levels of total A␤o measured by 82e1-8243 total A␤o assay after PrP-Fc pulldown were decreased but not eliminated (f). Total A␤o was also measured by 82e1-8243 assay after SEC fractionation of affinity chromatography fractions (g). PrP-Fc affinity resin removed the majority of total A␤o from early eluting HMW fractions. Western blot analysis (h, quantified in i) of affinity-depleted and negative control lysates further demonstrates the nonhomogeneity of HMW amyloid oligomers as only a part of HMW immunoreactivity is depleted from AD samples after PrP resin incubation. Because the focus was on oligomeric A␤, the membrane was not boiled, and the monomeric A␤ band remains faint. Error bars represent S.E.
oligomer ELISA, A␤ Western blot, A␤ 40 , and A␤ 42 ELISAs (both highly biased toward monomeric A␤ 40 or A␤ 42 ). Effective inhibition of ␥-secretase in mice treated with LY-411575 is obvious from the pronounced accumulation of APP C99 (a C-terminal fragment of APP produced by ␤-secretase ACE in the absence of ␥-secretase activity) in the treated group (Fig. 10,  a and b) . Consistent with the short half-life of monomeric A␤ 40 and A␤ 42 , these pools were strongly suppressed in TBS and TBSX fractions, although the change for A␤ 42 in the TBSX fraction failed to reach significance. As expected for the very long half-life of A␤ in plaques, levels of A␤ in formic acid extracts of TBSX-insoluble material measured by A␤ 40 and A␤ 42 ELISA as well as WB demonstrated no significant change after LY-411575 treatment (Fig. 10, a and c) . The levels of oligomeric A␤ measured by 82e1-8243 assay and PLISA showed no significant change in the ␥-secretase inhibitor-treated group. Thus, soluble A␤ oligomers have a half-life substantially longer than soluble A␤ 40 and A␤ 42 monomer ELISA. Furthermore, A␤ oligomers and monomers are not in rapid equilibrium.
PrP C -interacting A␤o Is Required for AD-dependent Fyn Phosphorylation and Ca
2ϩ Mobilization in Vitro-Previously, we showed that the ability of human AD brain soluble extracts to trigger disease-relevant neuronal effects in vitro (particularly, the activation of Fyn kinase (27) and the mobilization of intracellular Ca 2ϩ (37) are abolished by affinity depletion using PrP-Fc conjugated to Sepharose beads). This suggests that PrP C -interacting A␤o species within human AD brain are most critical for these toxicities. Here, we assessed the level of different subsets for A␤o before and after the depletion of activity by affinity chromatography. Specifically, the amounts and size distribution of total A␤o (82e1-8243 assay) and PrP C -interacting A␤o (PLISA) were analyzed after PrP-Fc affinity depletion of pooled TBS brain extracts from AD patients (n ϭ 6). PLISA signal is abolished by PrP-Fc affinity depletion, whereas incubation with negative control resin (human Fc-Sepharose) does not alter PLISA levels (Fig. 9, d and e) . In contrast, PrP-Fc affinity resin depletes only 50% of A␤o detected by the 82e1-8243 assay (4216 Ϯ 231 to 2272 Ϯ 402 time-resolved fluorescence counts, Fig. 9f ) resulting in a value much higher than observed in extracts from neurologically healthy control patients (Ϫ9 Ϯ 173 TRF counts, n ϭ 5). The 82e1-8243 analysis of SEC fractions demonstrates that the reduction in 82e1-8243 activity is largely attributable to removal of the HMW oligomer (Fig. 9g) . Western blot analysis of AD and control brain lysates incubated with PrP or noncoupled resins further demonstrates the nonhomogeneity of the A␤o pool in humans (Fig. 9, h and i) . Thus, after depletion of PrP-interacting A␤o from the brain lysates, about 20 -40% of high molecular weight A␤ immunoreactivity could still be detected and could correspond to PrP-inert A␤o species. Expectedly, boiling the PrP affinity, but not negative control resin, results in recovery of pulled down A␤o immunoreactivity. These data confirm that human AD brain extracts (Fig. 11, a and b) . This is consistent with previous observations that Tg2576 remains cognitively normal until 9 -10 months. At 12 months, Tg2576 still performs normally in MWM hidden platform task but demonstrates a marked deficit in the MWM probe trial, indicating a deficit in spatial memory. This early deficit is fully rescued by lack of PrP C expression (Fig. 11, c and d) despite the relatively lower fraction of PrP C -interacting A␤o. By 18 months of age, Tg2576 mice show a trend exhibiting spatial learning deficits, as well as retaining a complete absence of spatial memory in the probe trial (Fig. 11, e and f) . Interestingly, the protective effect of ablating the PrP C -encoding gene appears reduced at 18 months. The Tg2576 mice without PrP C learn more slowly than WT (Fig. 11e) . In probe trials, although a significant preference for the platform location is retained for Tg2576 mice without PrP C , there is a nonsignificant trend to a reduced preference relative to WT (Fig. 11f) . The incompleteness of behavioral preservation during Tg2576 progression supports the hypothesis of the existence of PrP C -independent mechanisms contributing to cognitive impairment. These other mechanisms are likely to be mediated through a fraction of A␤ oligomer that fails to interact with PrP C .
Discussion
In the field of AD research, the term "A␤ oligomer" is often used as a generic name for any nonmonomeric A␤ species that could be solubilized under nondenaturing conditions (20, 78) . Myriad assemblies have been described in vivo and in vitro that fit this definition. However, neither is the biochemical link between these assemblies known nor is their relative contribution toward AD progression certain. The multivalent and unstable nature of A␤o hinders experimental reproducibility and creates controversies in the field. Pinpointing the key ADmediating A␤o assemblies, resolving their properties, biochemical origin, and mechanism of downstream action are the key challenges of the amyloid hypothesis (10, 20, 79) . Another obstacle on the way to the efficient translational AD research is lack of comparative characterization of A␤o accumulation and its impact on cognitive performance across multiple mouse model strains and human AD cases.
A major issue implicit in the amyloid hypothesis of Alzheimer disease is the molecular mechanism of A␤o action on neurons and synapses. Accumulated evidence suggests that PrP C acts as a high affinity receptor for A␤o to mediate signaling . It has been shown that cellular prion protein is essential for the emergence of behavioral deficits in APP/ PSEN1 mice; however, the involvement of particular A␤o species was not investigated previously (29) . The levels of PrP Cinteracting A␤o were also shown to be correlated with biochemical measures of A␤o-PrP C signaling in vitro, including the assays measuring the mobilization of intracellular calcium and activation of Fyn kinase (27, 31, 34, 37, 38) . Moreover, PrP C was demonstrated to be critical for A␤o-dependent decrease in synaptic density, neurotoxicity, and inhibition of long term potentiation (21, 25, 28 -33, 36) . However, some studies provide evidence for PrP C -independent A␤o-induced phenotypes, thus conflicting with the data supporting the role of PrP C -A␤o interaction in AD (23, 24, 44, 45) . To investigate these controversies, we performed comparative analysis of accumulation of A␤ oligomers and other A␤ forms across multiple AD mouse model strains and human AD cases, characterized the size distribution of total and PrP C -interacting fraction of A␤o, and assessed how the relative amount of PrP C -interacting A␤o is influencing the progression of AD-like phenotypes in mice.
The major barrier to characterizing AD-relevant A␤ oligomers and assessing their importance for AD pathophysiology in model mice and in humans is the absence of a reliable detection and quantitation method (20) . The majority of immunoassays currently developed to detect A␤ oligomers rely on pairs of antibodies directed against similar or identical epitopes within the A␤ peptide, thus favoring the detection of multimeric assemblies (15, 80, 81) . Despite low detection limits, these assays cannot effectively distinguish between various forms of A␤o because the selectivity for oligomers is determined simply by number of monomers Ͼ1. Here, we take advantage of multiple A␤-related metrics, including two highly sensitive oligomer-specific ELISAs (82e1-8243 and 8243-Nu4) to quantify total A␤o as well as PLISA, a recently developed high throughput plate-based assay allowing sensitive and specific detection of PrP C -interacting A␤ oligomers in biological samples (27) . We show that PrP C -interacting A␤ oligomers are specifically present only in soluble protein extracts from the brains of AD model mice and post-mortem brain tissue of human patients with AD but not in age-matched control human nor wild-type mouse brain lysates, thus resulting in 100% segregation of disease-relevant and control samples.
By using size-exclusion chromatography coupled to PLISA and 82e1-8243 broad spectrum A␤o-specific ELISA, we determined that PrP C -interacting A␤ oligomers represent a distinct population of high molecular weight A␤ assemblies. The exis- tence of HMW-soluble A␤ oligomers in human and mouse brain extracts has been reported before by several groups by using microdialysis and oligomer-specific ELISAs (14, 15, 19) . The size of PLISA-detectable material was similar across multiple mouse models, as well as human AD patients, potentially indicating the existence of a conserved pathway of A␤ aggregation that results in large A␤o assemblies capable of binding to cellular prion protein and thereby inducing AD-related pathology. In contrast, the size distribution profiles of total A␤o varied from strain to strain, with APP/PSEN1 accumulating larger A␤o assemblies than Tg2576 animals. Although it seems that PrP is demonstrating particularly high preference toward HMW A␤o in biological samples and in some synthetic A␤o preparations, there is evidence that lower molecular weight A␤o assemblies like dimers and trimers are also capable of binding to PrP, although it might be attributed to the large proportion of these LMW A␤ species in the A␤o preparations used in the study (82) . Additional evidence for uniform properties and potency of PrP C -binding A␤ oligomers comes from our observation that the threshold amounts of PrP C -interacting A␤ oligomers at which mice and humans begin to demonstrate the signs of prominent cognitive impairment seem to be highly consistent between transgenic animals and human AD patients, averaging about 2-5 ng per g of brain tissue (Fig. 12) . At sub-threshold values of PLISA activity, AD mice appear cognitively normal or perform marginally worse than wild-type animals, therefore seeming to be in a diagnostic "gray zone." When the levels of PrP-interacting A␤ rise as a function of age and eventually hit a critical value, mice demonstrate escalating cognitive decline. Interestingly, the threshold amount of PrP C -interacting A␤o lies close to reported affinity of PrP C toward the A␤ oligomer (K D was determined to be in the low nanomolar range), which could explain why lower concentrations of PLISA-detectable A␤o have little effect on cognitive performance (22, 28) . The rates of A␤ oligomer accumulation varied dramatically between transgenic AD model mice. Thus, 5ϫ FAD and CRND8 mice attained the symptomatic cutoff levels of PLISA activity in 4 -6 months. It took APP/PSEN1 mice about 10 -12 months to reach the same levels of A␤o, and it took even longer for Tg2576 and 3ϫ mice, 14 and 16 months, respectively. Such discrepancy in the rates of PrP C -interacting A␤o accumulation is in close agreement to the rates of behavioral deficit manifestation. Thus, the memory of 5ϫ FAD and CRND8 mice is already substantially impaired at 6 months. At the same time, behavioral deficits in APP/PSEN1 mice are not obvious until 9 -11 months; Tg2576s first show signs of cognitive impairment at 14 -16 months, and in 3ϫ mice the learning deficit is marginal even at 18 months (Fig. 12) . Regression analysis further highlighted the remarkable potential of PrP C -interacting A␤o levels to extrapolate the cognitive impairment throughout the entire panel of mouse models used in the study (r 2 ϭ 0.78 for performance in MWM hidden platform navigation task, a value superior to all other A␤-related metrics tested).
By monitoring various forms of A␤ as a function of animal age, we have observed a large degree of coherence between the rates of A␤ accumulation in different fractions from the animals of the same genotype. The inter-model comparison, however, demonstrated considerable segregation of transgenic strains. Thus, 5ϫ FAD and CRND8 mice accumulate PrP Cinteracting A␤o, total oligomerized A␤ (measured by 82e1-8243 or 8243-Nu4 A␤o ELISAs), A␤ monomers (measured by soluble A␤ ELISA), total soluble A␤ (measured by soluble A␤ WB), and insoluble fibrillar A␤ (ELISA and WB on FA-extracted A␤) much more quickly, and by 6 months have reached higher levels of A␤ (by any metric) than all other model mice used in the study. APP/PSEN1 mice show intermediate rates of A␤ accumulation, whereas Tg2576 and particularly 3ϫ transgenic mice were relatively slow A␤ accumulators. Such concordance between various A␤ metrics could be explained by the existence of dynamic equilibrium between A␤ species, a view widely acknowledged in the field (6, 10, 83, 84) .
Despite the general coherence in accumulation of the various forms of A␤, their correlation with the cognitive decline in mice varies greatly. Using contingency table analysis and regression analysis, we have demonstrated that the ability of PrP C -interacting A␤o to accurately predict the onset and progression of behavioral deficit (measured as decreased performance in MWM hidden platform navigation test and in MWM probe trials) is equal to or superior to all other A␤ measurements used in the study, even though the predictive power of total A␤o levels was statistically similar.
Another important discrepancy in the patterns of A␤o accumulation is the variation of the relative fraction of PrP C -inter- acting A␤o within the total A␤o pool. Thus, APP/PSEN1, CRND8, and to the lesser extent 5ϫ FAD mice show a higher proportion of PrP C -interacting A␤o then do 3ϫ and Tg2576 mice. The cause of these differences between strains is not obviously based on promotor, APP mutation, or PSEN1 mutation. However, mice with higher total A␤ levels and more rapid progression tend to have higher relative amounts of PrP C -interacting HMW A␤o species.
Treatment with a ␥-secretase inhibitor allowed an assessment of the half-life of different pools by halting further A␤ production. It is known that soluble monomers turn over in hours (72) (73) (74) (75) , whereas A␤ plaques last at least for months (74 -77) . Both the PrP C -interacting and the total pool of soluble A␤ oligomer are stable over 7 days, showing that they have distinct metabolic kinetics from soluble monomers in mouse brain.
The connection between acute versus chronic secretase inhibition and memory in transgenic mice is not well defined in the literature regardless of A␤ species. In one study with a ␤-secretase inhibitor, long term treatment improved memory only after several months of treatment (75) . In a study of the ␥-secretase inhibitor, there were acute effects on memory function in normal rats (85) and pre-plaque Tg2576 (86) , suggesting that drug action may or may not be related to APP, A␤, and AD. It will be of interest to extend our current studies by measuring the progression of memory dysfunction and the levels of multiple A␤ fractions at a range of time points after the initiation of secretase treatment to halt A␤ production.
Development of AD-like symptoms in APP/PSEN1 is critically dependent on the normal expression of the Prnp gene, whereas some AD mice (like the J20 strain) are able to develop symptoms even on a Prnp null background. We have tested whether the relative amount of PrP C -interacting A␤o could determine the dependence of AD-like phenotypes on PrP C by performing behavioral characterization of Tg2576 mice, a strain with a small proportion of PrP c -interacting A␤o. Interestingly, the effect of PrP C ablation in these mice resulted only in full rescue of cognitive performance early during the disease course and to partial rescue at a later time point. This observation indicates the existence of alternative PrP C -independent mechanisms of A␤o action, perhaps mediated by a large fraction of oligomers that poorly interact with PrP C . The effects of these mechanisms might be relatively weak compared with effect of PrP C -A␤o axis and are therefore negligible in mice with a high proportion of PrP C -interacting A␤o (like APP/ PSEN1 mice), thus allowing for a dramatic recovery of cognitive performance on Prnp null background. However, in mice with a lower proportion of PrP C -interacting A␤ like Tg2576 and, perhaps, J20, the relative contribution of these PrP C -independent mechanisms is likely to be more significant, thus allowing only for a partial recovery of cognitive function after ablation of PrP C . Thus, studying of D mice with low levels of PrP C -interacting A␤o, such asTg2576, on a Prnp null background may allow isolation and characterization of any such PrP C -independent mechanisms of AD. In this context, it is critical to note that human AD samples exhibit levels of PrP C -interacting A␤o nearly identical to APP/PSEN1 mice at the onset of deficits.
Thus, in the clinical situation, PrP C -interacting A␤o, and by extension PrP C , could play a central role. Certain antibodies have been used to distinguish conformations and populations of A␤o (79, 87) , with two major pools having been distinguished. OC and related "fibrillar" antibodies are not specific for oligomers, recognizing insoluble A␤ fibrils as well as soluble A␤o. A11 and related antibodies appear to detect smaller oligomers, related to A␤*56 (16, 79) . Previous work with A␤o binding to PrP C demonstrated preferential interaction with the OC-positive fraction of A␤o, and not with A11-reactive A␤o (36, 38) . Similar to PLISA activity, but distinct from A11 immunoreactivity, OC immunoreactivity is elevated in human AD samples (66) . However, distinct from OC antibodies, PrP C binding separates a subpopulation of A␤o from fibrils.
The evidence for a critical role of PrP C in AD is growing. In this context, the dramatic coherence between the levels of PrP C -interacting A␤o and cognitive impairment not only provides generalizable evidence for the role of PrP C -interacting A␤o in AD progression but also delivers a further verification for the pivotal role of PrP C in AD pathobiology. A molecular understanding of toxic A␤ oligomers at the atomic level remains elusive but might hold the key to efficient development of AD diagnostics and therapeutics. Here, we demonstrate that the subset of A␤ capable of interacting with cellular prion protein is represented by a distinct population of soluble high molecular weight A␤o assemblies that are conserved across multiple animal models of AD as well as in human AD patients. Moreover, this A␤o species is strongly correlated with cognitive decline (Fig. 12) . The proportion of PrP C -interacting A␤o varies from model to model and is likely proportional to the contribution of the PrP C -A␤o axis in driving the AD progression. The combination of tools described here will facilitate further characterization of A␤o assemblies and enable resolution of controversies in the amyloid hypothesis. They also provide a road to development of more sensitive and accurate AD diagnostic tools and novel therapeutic intervention strategies.
